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STELLINGEN 

1. Naarmate de moleculaire massa van polycyclische aromatische 
koolwaterstoffen toeneemt, zal het moeilijker worden om een biodegradatie-
experiment zodanig in te richten dat massatransportlimitaties afwezig zijn. 
Hiermee dient men bij de bestudering van de intrinsieke microbiologische 
kinetiek terdege rekening te houden. 

dit proefschrift 

2. Zonder kwantificering van de massatransportsnelheden van verontreinigingen 
in bodemmateriaal in relatie tot de potentiele afbraakcapaciteit van de 
aanwezige microbiele populate, kan geen uitspraak gedaan worden over een 
beperkte biologische beschikbaarheid. 

Madsen T, Kristensen P (1997) Environ. Tox. Chem. 16: 631-637 

3. Aangezien Zhang et al. hun conclusie betreffende de beperkte biologische 
beschikbaarheid van in micellen opgeloste polycyclische aromatische 
koolwaterstoffen niet onderbouwen met experimenten en er door hen geen 
rekening gehouden wordt met eventuele toxische effecten van de bestudeerde 
biosurfactants, lopen zij het risico een zeperd te halen. 

Zhang Y, Maier WJ, Miller RM (1997) Environ. Sci. Technol. 31:2211-2217 

4. Vanwege het ontbreken van een gedegen mechanistische basis moet de reden 
voor de populariteit van het empirische 'twee-compartimenten model' vooral 
gezocht worden in de mathematische eenvoud en het feit dat er mooie lijnen 
door experimentele meetwaarden mee gefit kunnen worden. 

Carroll KM, Harness MR, Bracco AA, Balcarcel RR (1994) 
Environ. Sci. Technol. 28:253-258 

5. Teneinde een beter inzicht te verkrijgen in de fysische verschijningsvormen van 
bodemverontreinigingen in grond, zou er meer onderzoek verricht moeten 
worden naar verontreinigingsprocessen. 

dit proefschrift 

6. De grote verschillen in fysische eigenschappen en toxiciteit tussen de 
verschillende polycyclische aromatische koolwaterstoffen, zouden aanleiding 
moeten zijn voor differentiatie binnen de normstelling voor deze groep 
verontreinigingen. 



7. Aangezien het woord 'biobeschikbaarheid' in verschillende onderzoeksgebieden 
een verschillende betekenis heeft, moet er bij het gebruik altijd een nadere 
definitie worden gegeven. 

Zie definities in: Peijnenburg WJGM, Posthuma L, Eijsackers HJP, Allen HE 
(1997) Ecotox. Environ. Safety 37:163-172 

8. Vertegenwoordigers van laboratorium-apparatuur zijn rasechte optimisten ten 
aanzien van de mogelijkheden en bedrijfszekerheid van hun producten. 

9. Voor een manager geldt hetzelfde als voor de doe-het-zelver: 'Goed 
gereedschap is het halve werk1. 

10. De Randstad is feitelijk een stad met een hopeloze infrastructuur en overdreven 
grote parken. 

ll.Geavanceerde navigatie-apparatuur in de watersport, zoals bijvoorbeeld de 
GPS, heeft op de Nederlandse binnenwateren voornamelijk nut als onderwerp 
voor borrelpraat na het afmeren in de haven. 

12. In de laagdrempelige literatuur betreffende grafische technieken wordt het 
veiligheidsaspect onderbehcht. 

Klatser R, Kruijff] (red) (1983) De kunst van het doen: etstechnieken. 
Van Dobbenburgh, Amsterdam, The Netherlands 

Stellingen behorende bij het proefschrift: 
"Relation between Mass-Transfer and Biodegradation of Hydrophobic Pollutants in Soil" 
H. Mulder, Wageningen, 1 September 1999. 
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CHAPTER 1 

General introduction 

1.1 Soil pollution 

In reaction to the first serious cases of soil contamination in the late 70s, 
environmental standards have been formulated by the Dutch government in terms 
of admissible concentrations of chemical compounds in the soil. Three 
concentrations were defined: target, mediate and intervention values. When the 
pollutant concentration exceeds the target value, multifunctional soil quality 
cannot be guaranteed. The mediate value is the average of the target and the 
intervention value and exceeding of this value necessitates further investigation of 
the site. At concentrations above the intervention value, the soil is characterized as 
seriously contaminated. These concentrations were derived for numerous 
compounds from human toxicological data and ecotoxicological data. 

In the Netherlands, serious soil pollution exists at an estimated 175,000 (RTVM, 
1997, Ministry of VROM et al„ 1998) to 279,000 (CUR/ NOBIS, 1998) sites, of which 
one-third is located in residential areas (RIVM, 1997). At 60,000 sites, short-term 
measures are necessary to reduce human health risks or ecosystem risks (RIVM, 
1997). 

After the problem of soil pollution became evident, the Dutch policy was to 
clean up or control all urgent cases of serious pollution and to secure the less 
urgent situations in the year 2010. It was estimated that an amount of $50 billion 
US dollars would be needed to achieve this goal. Because the annual expenditure 
for soil clean-up by the government and social parties is now $500 million US 
dollars, it is calculated that 10% to 30% of the seriously contaminated sites can be 
remediated in 2010 according to this policy (RIVM, 1997). 

One of the goals of the Dutch policy has been to clean-up the soil to such levels 
that multifunctional use of the remediated land was always assured. Given the 
present number of contaminated sites and the substantial economic pressure that is 
related to such a target, this policy has recently been reconsidered. Main product 
from this re-evaluation is the functional remediation. According to this new policy, 
the treatment of a polluted site is to be selected on the basis of a risk-assessment 
study aimed at the future use of such a site. This policy reduces the total estimated 
costs of soil remediation in the Netherlands to about $20 billion US dollars 
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(CUR/NOBIS, 1998). 
Besides local contamination of the soil by, for instance, incidental spills, also 

diffuse emissions of compounds burden the environment with hazardous chemical 
compounds. Human activities (combustion processes, deposition of heavy metals 
from flue gases) and natural processes (wood fires, volcanic activities) result in 
emissions to the mobile environmental compartments (water, air). By transport 
over long distances and subsequent deposition into the soil compartment, large 
areas are contaminated by these diffuse processes. Concentrations of pollutants 
resulting from these mechanisms are, however, relatively low in comparison to 
local contamination. 

Besides the two types of soil pollution also two types of soil contaminants are 
generally distinguished: heavy metals and toxic organic compounds. The major 
difference between the two is the degradability. Although heavy metals can be 
taken up by organisms (e.g. plants, microorganisms) and complexation reactions 
often influence the chemical state of metal ions, metals persist as elementary 
particles and form a potential threat to the environment whenever present. 
However, organic pollutants can be converted to form other compounds that can 
be less harmful than the original compound. In this thesis, only organic compounds 
are considered. 

The differences in pollutant concentration, soil type and route of contamination 
result in different physical states of the organic compounds in the soil matrix 
(Rulkens and Bruning, 1995) (Fig 1). When, for instance, a local spill of gasoline has 
occurred at a sandy soil, the contaminants may be present as a separate liquid 

H $ 

particulate pollutant 

absorbed 

II 

liquid film 

dissolved in pore water 

adsorbed 

VI 

solid or liquid in pores 

figure 1 Proposed physical states of organic pollutants in the soil matrix: I: solid 
pollutant particles; II: liquid phase pollutant; III: adsorbed pollutant onto soil 
particles; IV: absorbed into soil particles; V: contaminant dissolved in the pore 
water phase; VI: solid phase or liquid phase pollutant in soil pores. 
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phase (Fig 1; state II). In the case of diffuse contamination, it is more likely that 
organic contaminants will be homogeneously distributed over the organic soil 
matter (Fig 1., state IV). 
1.2 PAH polluted soil 

1.2.1 Sources of PAH pollution in soil 

A group of organic soil pollutants that has received enormous attention in the last 
decades are the polycyclic aromatic hydrocarbons (PAHs). Although PAHs are 
formed by natural processes like, for instance, forest fires, volcanic activity, the 
presence in natural oil, and synthesis by plants (Blumer, 1976), the major source of 
emissions results from human activities. These anthropogenic sources can be 
subdivided into three groups: 
• atmospheric deposition: mainly caused by incomplete combustion processes 

like: traffic, waste incineration, or combustion of fossil fuels for the generation 
of electricity (Baek et al., 1991), 
pollution due to the application of PAH-containing products, such as creosote 
and anthracene oil for the preservation of wood, asphalt in road construction 
and tar for ship coating, 
local spills of PAH-containing wastes, such as coal-tar dumping on gasworks 
or the spillage of oil products. 

The emissions of PAHs through atmospheric deposition in the Netherlands are 
estimated to be 6.0 kg km 2 y 1 (Slooff et al., 1989) on an average basis. At local 
spills, concentrations of PAHs can be several grams per kilogram dry matter of soil. 
Such high concentrations can be found at, for instance, creosote production plants, 
gas works or wood impregnating plants (Tab 1) (Wilson and Jones, 1993). 

1.2.2 Physicochemical properties of PAHs 

PAHs are molecules which consist of two or more fused aromatic rings, at which 
additional structural elements such as aliphatic ring structures can be present (Fig 
2). Due to the absence of polar groups of these structures, PAHs are very 
hydrophobic compounds which is indicated by the high values of the octanol-
water partitioning coefficients (Tab 2). As a result of the strong hydrophobicity, the 
water solubilities of PAHs are extremely low. With increasing molecular weight, 
the hydrophobicity increases and this results in decreasing water-solubilities for 
the higher PAHs. 

Empirical relationships (Wilke-Chang equation) show that the diffusion 
coefficient of a component (A) in a solvent (B) is related to the molar volume (Bird 
et al., 1960): 
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DAB =1.86-10' 
{iyBMB)°5T 

(1) 

where iys is an dimensionless association parameter for solvent B with the value 2.6 
for water, DAB the diffusion coefficient (m2 s1), MB the molecular weight of the 
solvent B (g mol1), T the absolute temperature (K), // the viscosity of the solution 
(kg nv1 s1) and <PA the molar volume of the component (m3 mol1). From Equation 
(1) it can be seen that the diffusion coefficient is only dependent on the molar 
volume by the power -0.6, which is reflected in a slight decrease of the diffusion 
coefficients with increasing molecular weight in Table 2. 

Table 1 Mean soil PAH concentrations [mg (kg-1 dry weight)] at different contaminated 
sites (Wilson and Jones, 1993) 

PAH 

naphthalene* 

1-methylnaphthalene 

2-methylnaphthalene 

2,6-dimethylnaphthalene 

2,3-dimethylnaphthalene 

acenaphthylene 

acenaphthene 

fluorene 

phenanthrene* 

anthracene* 

2-methylanthracene 

pyrene 

fluoranthene* 

benz [a] anthracene* 

chrysene* 

benz[a]pyrene* 

benzo[k]fluoranthene* 

benzo[b]fluoranthene 

indeno[l 23cd] pyrene* 

dibenz[ah]anthracene 

total 

total PAHs on Dutch list 

of priority pollutants 

wood 

preserving 

3925 

1452 

623 

296 

168 

49 

1368 

1792 

4434 

3037 

516 

1303 

1629 

171 

481 

82 

140 

23 

21466 

13782 

creosote 

production 

1313 

901 

482 

33 

650 

1595 

334 

642 

682 

614 

7246 

4538 

wood 

treatment 

92 

620 

1440 

766 

983 

1350 

356 

321 

94 

10 

6022 

4419 

coking 

plant 

59 

87 

112 

187 

29 

245 

277 

130 

285 

200 

135 

2 

1746 

801 

gas works 

2 

225 

379 

156 

491 

2174 

317 

345 

92 

260 

238 

207 

2451 

4679 

3908 

h PAHs on tlie Dutch list of priority pollutants 
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naphthalene acenaphthene 

^v^X-^S 

acenaphthylene fluorene 

phenanthrene anthracene pyrene fluoranthene 

benz[a]anthracene chrysene benz[a]pyrene benzo[k]fluoranthene 

benz[b]fluoranthene indeno[123cd]pyrene benzo[ghi]perylene dibenz[ah]anthracene 

Figure 2 Molecular structures of the 16 polycyclic aromatic hydrocarbons listed as 
priority pollutants by the EPA (Wilson and Jones, 1993). 

This Table 2 also shows that the aqueous solubilities of the PAHs drastically 
decrease with increasing molecular weight. This is due to the increasing 
hydrophobicity of the compounds. The degree of hydrophobicity of a compound is 
often quantified by the octanol-water partitioning coefficient (Kow). From Table 2 it 
is clear that the hydrophobic character of the PAHs increases with increasing 
number of aromatic rings in the molecules. 
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Table 2 Physicochemical properties of polycyclic aromatic hydrocarbons (Sims and 
Overcash, 1983). The octanol-water partition coefficient (Kow) is a measure for the 
hydrophobicity of the PAHs. 

PAH 

naphthalene* 

acenaphthylene 

acenaphthene 

fluorene 

phenanthrene* 

anthracene* 

pyrene 

fluoranthene* 

benz [a] anthracene* 

chrysene* 

benz[a]pyrene* 

benzo [k] fluoranthene* 

benzo[b]fluoranthene 

indeno[123cd]pyrene* 

benzo [ghi] pery lene* 

dibenz[ah]anthracene 

molecular 

weight 

[g moF] 

128 

152 

154 

166 

178 

178 

202 

202 

228 

228 

252 

252 

252 

276 

276 

278 

water solubility 

(30°C) 

[kg m-3] 

31.7 

3.93 

3.47 

1.98 

1.29 

7.310-2 

1.3510-1 

2.6010-1 

4.010-2 

2.010-3 

4.010-3 

1.210-3 

5.5-1CH 

6.210-2 

2.6-10-4 

5.0-1CH 

vapor pressure 

(20°C) 

[N m-2] 

6.56 

3.87 

2.67 

1.73 

9.0710-2 

2.6110"2 

8.0010^ 

9.1110-5 

6.6710-7 

8.4010-5 

6.6710-5 

6.6710-5 

6.6710-5 

1.33-10-s 

1.3310-8 

1.3310-8 

Log 

&OIV 

[-] 
3.37 

4.07 

4.33 

4.18 

4.46 

4.45 

5.32 

5.33 

5.61 

5.61 

6.04 

6.57 

6.84 

7.66 

7.23 

5.97 

diffusion 

coefficient" 

[10-10 m2 s-1] 

9.31 

8.35 

7.88 

7.70 

7.70 

7.05 

6.90 

6.44 

-
' Calculated with tlie Wilke-Chang relation (Bird et al, I960), * The 10 PAHs on the Dutch list of priority 

pollutants 

1.2.3 Soil quality criteria for PAHs 

When it became evident that the presence of PAHs in the soil could impose risks to 
both ecosystems and humans, legislation was formulated to control this problem. 
In the United States of America, 16 of the most encountered PAHs were identified 
as target compounds and admissible concentrations were determined. In the 
Netherlands, 10 PAHs were placed on the list of priority pollutants and therefore, 
removal of these compounds from the environment was necessary. Target levels in 
soil and sediments for these 10 PAHs were deduced from ecotoxicity data and 
translated into the following values (paragraph 1.1): 

R = 10FK 0 < F„c < 1 (2) 

I = 400 F 0 < Foe < 1 (3) 
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where Foc is the fraction of organic matter of the material (kg kg-1) and R and I are 
the reference and intervention values respectively [(mg PAHs)(kg"1 dry weight)]. 
This implies that soils with a relatively high organic matter content (high Foe), like 
peat soils, are allowed to have relatively high PAH concentrations (high /-value). 
However, when these admissible concentrations are compared to the total PAH 
concentrations in soil at different types of contaminated sites (Tab 1), it is evident 
that an extremely high performance of the sanitation technique is necessary to 
lower the PAH concentrations below the intervention value. When, for example, a 
soil with 10% organic matter is contaminated with 5000 mg PAHs kg"1 dry weight, 
the remediation efficiency should be at least 99.2%. 

1.3 Soil remediation techniques 

1.3.1 Physicochemical remediation techniques 

Several remediation techniques have been developed to reduce PAH concentration 
levels in soil material or to prevent emissions from PAH polluted soil to the 
environment. They can be divided into physicochemical and biological treatment 
methods. The most important physicochemical remediation techniques are: 
extraction/classification, incineration, solvent extraction, containment and disposal 
at landfills. The first three techniques are relatively intensive and PAH levels can 
be reduced to the target values, but the biological systems in the soil are destroyed 
and treatment is expensive and energy consuming. Containment or landfill 
disposal only solves the problem provisionally since the pollution is not removed 
from the soil. Furthermore, intensive monitoring of contained polluted material is 
necessary to prevent leaching of the pollutants through the boundaries of the 
containment (metal, plastic or concrete walls, local extraction of groundwater). 
Other physical and chemical techniques like, for instance, oxidation with ozone or 
extraction with supercritical carbondioxide are still in the development stage. 
These methods also destroy the biological structure of the soil and, furthermore, 
they are limited to highly polluted material which cannot be treated with other 
cheaper methods due to the relatively high operational costs. 

1.3.2 Bioremediation 

As an alternative to the destructive and cost-intensive physicochemical treatment 
techniques, biological methods exist for the clean-up of PAH polluted soil. The 
main advantages of bioremediation are that the biological value of the soil is 
preserved during the remediation and that it can be operated at relatively low costs 
and low energy requirements. Bioremediation is based on the ability of specific 
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microorganisms (or even higher organisms, like plants in the case of 
phytoremediation) to convert pollutants to less hazardous compounds. 

The metabolism of PAHs can be roughly divided into two routes: the eukaryotic 
and the prokaryotic route (Cerniglia, 1984). The aerobic metabolism of bacterial 
PAH degradation allows for complete mineralisation of PAHs to water, 
carbondioxide and biomass (Bouchez et al., 1996). Initially, molecular oxygen is 
incorporated into the aromatic ring by dioxygenase enzymes to form cis-
dihydrodiols, which are then converted to dihydroxylated intermediates by 
dehydrogenases (Fig 3) (Cerniglia, 1992). The intermediates can react according to 
the ortho-fission pathway, in which the fission occurs at the covalent bond between 
the hydroxylated carbon atoms in the aromatic ring, or the meta-fission pathway, 
where a bond adjacent to these carbon atoms is cleaved (Evans et al., 1965). Several 
consecutive reactions can take place after this fission and for the low molecular 
weight PAHs, this can ultimately lead to complete mineralisation to water and 
carbondioxide (Cerniglia, 1992; Komatsu et al., 1993). The high molecular weight 
PAHs can be used as sole carbon and energy source but the biochemical degrada­
tion routes are not well documented (Boldrin et al., 1993; Kelley et al., 1993; 
Mueller et a l , 1990; Walter et al., 1991; Weissenfels et al., 1991). Cometabolic degra­
dation is shown for numerous PAHs, yielding hydroxylated polycyclic aromatic 
acids as the end-products (Gibson et al., 1975; Heitkamp and Cerniglia, 1988). 
Because oxygen limitations are a significant problem in bioremediation 
applications, degradation under anoxic conditions would be very interesting from 
an engineering perspective. However, few reports on anaerobic degradation are 
available (Al-bashir et a l , 1990; Langenhoff, 1997; McNally et al., 1998; Mihelcic 
and Luthy, 1987, 1988, 1991). In the case of aerobic biotransformation, oxygen is 
used to destabilize the aromatic structure. In the anaerobic metabolism alternative 
terminal electron acceptors are used, which cannot perform this destabilizing 
function (Langenhoff, 1997). Furthermore, rates of metabolism are generally much 
lower under anaerobic conditions, because the energy yield from the alternative 
electron acceptors is relatively low compared to oxygen. Given these 
considerations, anaerobic degradation of PAHs can be neglected as a significant 
contribution to the biological transformation of PAHs. 
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non-enzymatic 

rearrangement 

o-glucoside 

o-glucoronide 

o-sulfate 

o-xyloside 

fungi O2 
cyt P-450 

monooxygenase 

H2O2 ligninases 

polycyclic 

aromatic 

hydrocarbon 

PAH-quinones 

trans-dihydrodiol 

ring fission r ^ ^ C O O H 

ortho-fission X / ^ C O O H 

OH d i o x y g e n a s e ^ ^ J | | | O H 

V ^ ^ l ^ O H dehydrogenase /~^^OH 

cis, cis-muconic acid 

H 

cis-dihydrodiol catechol 

2-hydroxymuconic 

semialdehyde 

Figure 3 Metabolic pathways of polycyclic aromatic hydrocarbons (Cerniglia, 1992). 

Although bacteria are the most important organisms involved in the 
biodegradation of PAHs in soil (e.g. Caldini et al., 1995; Guerin and Jones, 1988; 
Heitkamp et al., 1988; Keuth and Rehm, 1991; Providenti et al., 1995), fungi 
(Bumpus, 1989; George and Neufeld, 1989; Hammel et al., 1986), algae and even 
higher organisms (Van Brummelen, 1995) (plants, isopods, worms) have shown to 
be capable of PAH transformation. Via the cytochrome P-450 monooxigenase and 
epoxide hydrolase, fungi can oxidize PAHs to form trans-dihydrodiols. 
Additionally, white-rot fungi are able to produce extracellular enzymes that can 
oxidize PAHs to form quinones (Sanglard et al., 1986). However, these metabolites 
are often more toxic than the PAHs they originate from. Subsequent 
biodegradation of these metabolites is therefore a prerequisite for the successful 
detoxification of PAHs by the application of eukaryotic organisms. 

1.3.3 Prerequisites for bioremediation 
Although the costs of biological treatment can be attractive compared to the 
physicochemical techniques and the biological value of the soil is preserved, there 
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are some preconditions involved (Thomas and Lester, 1993). First, the pollutant 
must be biodegradable to less toxic compounds by an organism. In practice it has 
been shown that many compounds that were considered to be non-biodegradable, 
can be converted by specialized organisms. Of course, these organisms must be 
present in the soil or artificially introduced at the start of the clean-up. 
Additionally, the PAH-degrading organisms must be supplied sufficiently with 
nutrients like, for instance, oxygen, nitrogen and phosphorus. Another important 
factor is the pH of the soil (slurry) since the pH optimum for bacteria and fungi are 
6-8 and 4-5 respectively. Although soil organic matter has a buffering effect, the pH 
should be monitored since the conversion of PAHs or other substrates may cause a 
significant decrease in pH. 

Furthermore, biodegradation of the PAH pollutants may be inhibited by other 
contaminants present in the soil (e.g. heavy metals). The biodegradation of a 
relatively large amount of mineral oil, which is often found as co-pollutant at PAH-
contaminated sites, can impose oxygen limitations on the biodegradation of PAHs. 

As in all microbiological processes, the temperature and water content are 
crucial factors. The temperature determines the rate of the biochemical reactions. 
Sufficient water must be available in the soil matrix, because microorganisms need 
an aqueous phase. 

In general, microorganisms can only metabolize PAH compounds which are 
dissolved in an aqueous phase (Wodzinski and Bertolini, 1972; Wodzinski and 
Coyle, 1974). This implies that PAHs that are sorbed to soil material or present as a 
separate phase cannot be transformed by microorganisms. First, transfer from these 
solid states to an aqueous phase is necessary. 

1.3.4 Properties of soil in relation to mass-transfer processes 

The dimensions and the structure of soil material are important factors influencing 
mass-transfer rates of PAHs in soil. Soil can be subdivided into organic matter and 
inorganic material. The organic matter in soil originates mainly from decomposed 
vegetation and the most important part is humus, which is often subdivided into 
humin (insoluble), humic acids (soluble at high pH only), and fulvic acids (soluble 
in acid solution). Because of the origin, the chemical structure of humus is 
undefined and can only be characterized generally as high molecular-weight 
polymer chains with a great diversity in functional groups (e.g. phenols, carboxyl 
groups, alcohols, sugars, peptides, aromatic rings) (Fig 4). Dependent on the 
environmental conditions like, for instance, pH, ionic strength, and temperature, 
humus molecules can have different three-dimensional properties. Due to the 
polymeric structure, soil organic matter has a large specific surface area. 

10 
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/ sugar 

HOOC 
I 

R-CH 
I 

o / peptide 

° NH 

I 
Figure 4 Hypothetical chemical structure ofhumic acid (Stevenson, 1982) 

The inorganic soil material is often characterized on the basis of the dimensions of 
the primary mineral particles: sand (50-2000 urn), silt (2-50 \xm), and clay (< 2 \im). 
Sand and silt particles originate mainly from the erosion of rocks (silicon oxides), 
whereas clay minerals are formed from the products of erosion (oxides and 
hydroxides of aluminum and silicon). 

The structure of a soil is the way elementary constituents are oriented in space. 
The structure of soil is studied on different scales, from the effect of mammal 
migration on soil structure (meters) to the mutual orientation of clay particles 
(nanometers). In this thesis, the most important characteristics of soil structure are 
the degree of aggregation and the pore-size distribution in fine textured soil 
material. Elementary soil particles can aggregate to form primary aggregates which 
can subsequently aggregate to form aggregates of a higher level (Kay, 1990; Waters 
and Oades, 1991). From this perspective, soil can be considered as a system of 
different aggregation levels (Fig 5). The stability of the aggregates decreases with 
increasing level of aggregation. When, for instance, clods of soil are mixed in a 
stirred reactor, the aggregation level will decrease to the point when the shear 
stress of the fluid phase is insufficient to break-up aggregates further. The smallest 
aggregates are formed by the agglomeration of primary clay particles to form so-
called domains (Emerson et al., 1986). These primary aggregates (0.1-10 urn) can be 
interconnected by organic compounds (e.g. polysaccharides, humus) and form 
(often in combination with sand and silt particles) stable aggregates of higher order 
(100-1000 urn) (Fig 6). 

The pore-size distribution inside soil aggregates is determined by the level of 
aggregation. The smallest pores will be located in the primary aggregates and as 

11 
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Z primary particle 

primary aggregate 

secondary aggregate 

Figure 5 Schematic description of aggregation levels in soil aggregates 
(Kay, 1990) 

VI 

III 

VIII 

Figure 6 Schematic description of different orientations of primary clay 
aggregates (domains): I: random orientation of clay particles; II: 
domains oriented randomly; III: parallel orientation of domains; IV: 
parallel orientation of domains with little differentiation between the 
domains: V: granular organic matter disturbs the orientation of 
domains; VI: random orientation of domains between silt particles; VII: 
sand, coated with domain; VIII: domains interconnected by organic 
matter (Fitzpatrick, 1993; Hattori and Hattori, 1976). 
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the level of aggregation increases the size of the voids between the aggregates 
increases. The pores in domains can, dependent on the type of clay mineral, be as 
small as 2.8-3.5 x 1010 m (Van der Heij and Peerlkamp, 1975). Pores between 
domains are generally in the range of 1-5 um (Van der Heij and Peerlkamp, 1975; 
Lawrence, 1977). This implies that significant parts of the soil material are 
inaccessible for microorganisms (Alexander, 1994), because the typical dimensions 
are 1-2 um for bacteria and about 10 um for fungal hyphen (Schlegel, 1981). Mass 
transfer of the pollutants from these pores is therefore a prerequisite for 
biodegradation. 

The internal structure, the chemical composition and the dimensions of soil 
aggregates are important features with respect to the mobility of soil pollutants. 
The internal structure of soil aggregates determines the degree of tortuosity 
(deviation of the axial pore direction from the direction of the concentration 
gradient) and constrictivity (dead-end pore effects). The overall mass-transfer 
distances are dictated by the dimensions of the aggregates. In the case of PAHs, 
which are very hydrophobic compounds, the degree in which PAHs interact with 
soil organic matter is strongly dependent on the chemical composition of the humic 
material. As can be seen from Figure 4, humic substances are highly aromatic and 
this results in a three-dimensional matrix with hydrophobic regions. PAHs interact 
with these regions and this can result in a drastic decrease of mass-transfer rates of 
PAHs through the soil matrix, as will be illustrated in the next paragraph (1.3.5). 

1.3.5 Relation between mass transfer and biodegradation of PAHs in soil 

When it became clear that specific microorganisms were able to transform PAHs, 
laboratory tests showed acceptable PAH degradation rates. However, in most cases 
these degradation rates could not be achieved by the same organisms in field-scale 
bioremediation practice. Often it was shown that after optimization of the 
conditions for microbiological degradation (pH, oxygen, etc.), actual removal rates 
of PAH from contaminated soil still remain low. These low transformation rates are 
now generally attributed to low mass-transfer rates of PAHs in soil, because the 
transfer of PAHs to an aqueous phase is a prerequisite for biotransformation by 
bacteria. 

Mass-transfer rates of PAHs in aqueous systems are strongly affected by the 
low solubilities of PAHs and to a lesser degree by the diffusion coefficient as can be 
seen from the following mass-transfer equation (Bird et al., 1960): 

N = - D , B ^ (4) 
ox 
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where N is the mass flux of a component A (kg nv2 s1), C is the dissolved 
concentration (kg nv3) and x is a space coordinate in the direction of transport. The 
maximum value of the gradient of the dissolved concentration over a certain 
distance in space is limited by the value of the maximum solubility of the 
compound. As a result, potential mass-transfer rates are higher for the light PAHs 
in comparison to the high molecular weight PAHs. 

A similar line of reasoning can, for instance, be applied to the mass-transfer 
rates of PAHs through a water-saturated porous matrix in which sorption occurs. 
Sorption is generally described by a sorption isotherm. For simplicity sake a linear 
sorption model is used here: 

Q = KC (5) 

where Q is the concentration of the sorbed PAH (kg kg-1) and K is a sorption 
coefficient (m3 kg-1). When we consider a water-saturated flat sheet of a porous 
sorbent the following mass balance can be postulated over a thin section of the 
sheet: 

{sNAfx -{sNAf"'^ = eAAx^ + (l-£)ps AAx^ (6) 

where Ax is the thickness of the thin section in the sheet (m), s the volumetric 
porosity of the matrix (m3 nr3), A the area of the sheet (m2), ps the skeletal density 
of the solid matrix (kg nr3) and t the time (s). By taking the limit of Ax to zero and 
division by the area (A) the mass balance can be transferred to Equation (7) by 
using Equation (5): 

^ A B ^ = (s + (l-e)p5K)— (7) 

When a constant mass flux of PAH through the sheet is assumed, the following 
expression for this mass flux can be derived from Equation (7): 

(e + (l-e)psK) dx v ' 

Tortuosity and constrictivity effects of the matrix on the binary diffusion coefficient 
(DAB) are neglected here for sake of simplicity. 
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It is shown in various studies that the sorption coefficients of hydrophobic soil 
pollutants is correlated to the octanol-water partitioning coefficient (Tab 2) 
(Karickhoffetal.,1979): 

logK~-logKow (9) 

Equation (8) indicates that the mass transfer of PAHs through a porous sheet of soil 
particles is retarded when the molecular weight of the PAHs increases due to 
increased sorption at the solid matrix [Eq (9)]. 

From the previous it is clear that the physicochemical properties of PAHs and 
interactions of these hydrophobic compounds with soil material, cause extremely 
low mass-transfer rates from solid phases to aqueous phases. Therefore it is often 
shown that the removal rate of PAHs from soil is limited by mass-transfer 
processes, instead of microbial kinetics (Erickson, 1993; Luthy et al., 1994; Stucki 
and Alexander, 1987, Wu and Gschwend, 1986). This situation is generally referred 
to as a reduced or a low bioavailability. This is, however, sometimes a confusing 
nomenclature because the word bioavailability is used in several different 
definitions (Peijnenburg et al., 1997). When the term limited bioavailability is used 
in this thesis, we refer to the situation where the potential biodegradation capacity 
of the microorganisms exceeds the mass-transfer rate to the aqueous phase where 
biodegradation can occur. 

1.3.6 Bioremediation techniques 

In biological remediation, three different strategies can be distinguished 
(Lapinskas, 1989; Thomas and Lester, 1993): 
• In-Situ bioremediation: 

This method can be subdivided into two methods that are distinguished by the 
degree in which action is undertaken to optimize conditions for 
biodegradation. Such actions usually have impact on the preconditions for 
biodegradation mentioned above. Examples are the introduction of oxygen (air 
sparging or bioventing) or microorganisms, temperature elevation (input of 
heat by electric conduction), control of pH, introduction of co-substrates or 
specialized organisms. When interventions are absent, we speak of natural 
attenuation (Hart, 1996). This remediation strategy is developed after it was 
discovered that the organisms, originally present in the soil, can lower the 
pollutant concentration. In practice, this technique boils down to the 
monitoring of the contamination, sometimes in combination with risk 
assessment studies. The first intensive method generally proceeds faster then 
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the 'do-nothing' extensive variant because conditions for biodegradation are 
not optimized in any way in the latter case. On the other hand, the operational 
costs are higher. A combination of the two techniques may be attractive, when 
a short intensive phase with a relatively high removal efficiency is followed by 
a cheap, long-term remediation phase in which the risks are already reduced. 
The major disadvantage of in-situ treatment is the uncertainty in determination 
and control of the conditions in the soil which is caused by soil heterogeneity. 
This results in poor estimates on treatment periods and efficiencies. 

The mass transfer of PAHs is not manipulated in this type of strategy. Flow 
rates of ground water can be increased somewhat by pumping, but the 
structure of the soil is unaffected. When, for instance, a clayey soil is 
contaminated over a long period of time, this strategy could take the same 
period (or even longer) to clean-up the soil (Griffioen and Hetterschijt, 1998). 
In-situ remediation is therefore the slowest remediation process. 
Landfarming: 
This relatively inexpensive method involves excavation of the contaminated 
soil and deposition at an another location (e.g. field or hall) in a layer. In this 
layer, the conditions for biodegradation can be optimized and controlled by 
intermittent mixing, the addition of nutrients, and temperature elevation. 
Therefore, this technique is relatively efficient and robust compared to in-situ 
methods. 

Although the structure of the soil will change during the excavation of the 
soil and the intermittent mixing, flow rates of interstitial water are still low. 
Moreover, the soil bed will be compacted and higher levels of aggregation will 
exist. Hereby, mass-transfer lengths will be relatively high in comparison to 
techniques where the level of aggregation is reduced (e.g. bioreactors). 
Furthermore, interstitial pore water is replaced by air due to aeration of the soil 
and this results in reduced mass-transfer rates of the PAHs. 
Slurry bioreactors: 
The conditions that determine the biodegradation efficiency can be optimally 
controlled in soil slurry bioreactors because the soil heterogeneity is reduced 
(Geerdink, 1995; Kleijntjens, 1991; May et al., 1997). However, the costs are 
relatively high because the energy input is relatively high due to the need for 
soil excavation and mixing in the reactor for a long period. This mixing has, on 
the other hand, the advantage that the aggregation level is reduced and that 
mass-transfer distances become smaller. When the degradation rate of the 
PAHs is limited by mass transfer, this could significantly speed-up the 
remediation process. 
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In general, the necessary remediation efficiency is very high for PAH soil 
remediation (paragraph 1.2.3). In the optimal situation the clean-up rate is limited 
by the mass-transfer rates of the pollutants. Because concentration differences are 
the driving force for mass-transfer processes, clean-up will progress faster at the 
beginning of remediation and will become slower when the PAHs concentration 
decreases during the process. The residence time of the soil in the clean-up process 
will thus progressively increase with decreasing target residual PAHs 
concentrations. An additional problem in this repect is the irreversible binding of 
PAHs to soil organic matter. PAHs can thus be immobilized in the soil matrix and 
become unavailable for biodegradation (Eschenbach et al., 1994). 

The limited bioavailability of hydrophobic soil pollutants is the most important 
disadvantage of this technique. In bioremedion practice, residual concentrations 
are, therefore, above the intervention values in most cases. Furthermore, long 
periods are necessary to achieve a significant descrease in the soil PAH 
concentration. Research on the subject of the limited bioavailability of PAHs is 
aimed at the elucidation of rate-limiting processes and the remediation of these 
limitations to increase the applicability of bioremediation techniques. An example 
of such research is the use of surfactants to increase the dissolution rate of PAHs 
and, thereby, increase the biodegradation rate of these pollutants. 

1.4 Outline of the PhD-thesis 

In order to evaluate the possibilities of bioremediation as a competitive method 
next to the physicochemical techniques, it is necessary to determine the limitations 
that are involved with respect to efficiency, costs and degradation rates. It is the 
purpose of this study to investigate the relation between mass-transfer rates and 
microbial degradation rates of hydrophobic organic compounds in soil. Many 
studies have been performed on this subject (Alexander, 1994; Bosma et al., 1997; 
Mihelcic and Luthy, 1991; Scow and Alexander, 1992; Weissenfels et al., 1992), but 
in most only qualitative insights were obtained into the relevant processes due to 
the use of phenomenological models. In this work, mechanistic models were 
developed to indicate more quantitatively the most important parameters that limit 
the bioavailability of PAHs in soil. 

In earlier work, the limited bioavailability of PAHs was studied in model 
systems for contaminated soil material (Volkering, 1996), which had the advantage 
that results could be interpreted unambiguously and experiments yielded 
reproducible results. This approach is also adapted in this work and PAHs have 
been used in two different solid states: crystalline naphthalene to model separate 
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phase PAHs (Chapter 2, 3, and 4) and naphthalene sorbed to porous particles 
which imitates contaminated soil at relatively low pollutant concentrations 
(Chapter 5). 

The quantification of the influence of reactor hydrodynamic conditions on the 
dissolution rate of solid naphthalene and the effect of these conditions on the 
biodegradation rate of naphthalene are described in Chapter 2. During these 
experiments it was observed that biofilms were formed on the surface of the 
crystalline naphthalene. Because it is known that a substantial fraction of the soil 
biomass consists of immobilized bacteria at soil material, this system was 
investigated in detail. The influence of the layer of microorganisms at the solid-
liquid interface on the bioavailability of the separate phase naphthalene was 
described in Chapter 3. 

The addition of surface active compounds to counteract the effects of a limited 
bioavailability has received enormous research attention in the last decade. The 
low aqueous solubilities of PAHs are apparently increased by adding surfactants to 
aqueous media and mass-transfer rates therefore increase. Many investigations 
aimed at the screening of different surfactants for the optimal properties with 
respect to reducing the bioavailability limitations. Few studies, however, were 
involved in the description of the fundamental processes that determine the 
efficiency of applying a certain surfactant. In the present work (Chapter 4), such a 
fundamental study is performed to elucidate the surfactant properties that are 
crucial in the acceleration of mass-transfer rates. 

The models developed in the first chapters of this thesis cannot be applied to 
systems where the pollutant is present in a sorbed state. Therefore, a mass-transfer 
model is used which incorporates the partition of the PAHs over the liquid and 
solid phase in the pores of soil aggregates. Microbial kinetics are also modeled and 
the mutual influence of mass-transfer and biodegradation processes is illustrated 
with experimental results on soil model systems and with model simulations 
(Chapter 5). Similar experimental work is performed with real soil aggregates to 
validate the results obtained with the model systems (Chapter 6). 

A theoretical study was performed to investigate the influence of the physical 
state of PAHs in soil material on the biodegradation rate (Chapter 7). Results of the 
foregoing chapters are extrapolated to the bioavailability of higher PAHs to 
indicate the most important process variables. Finally, the major conclusions from 
this work are summarized in Chapter 8 and the implications of the study for clean­
up possibilities are discussed in relation to legislation. 
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Nomenclature 

A 
C 
DAB 

K 

&0W 

MB 

N 

Q 
t 
T 
X 

area 
dissolved PAH concentration 
diffusion coefficient of PAH in water 
sorption coefficient 
octanol-water partition coefficient 
molecular weight 
mass flux 
concentration of sorbed PAH 
time 
absolute temperature 
space coordinate 

Greek symbols 

e 

W 

M 
A 
$A 

volumetric porosity 
dimensionless association parameter in Equation (1) 
dynamic viscosity 
skeletal density of the solid matrix 
molar volume 

(m*) 
(kg m-3) 
(m2 s-1) 
(m'kg-i) 

(-) 
(g mol1) 
(kg nv2 s-1) 

(kg kg"1) 
(s) 
(K) 
(m) 

(m3 m3) 

(-) 
(kg nr1 s1) 
(kg m-3) 
(m3 mol1) 
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CHAPTER 2 

The influence of hydrodynamic conditions on 
naphthalene dissolution and subsequent 
biodegradation* 

2.1 Abstract 

The influence of hydrodynamic conditions on the dissolution rate of crystalline 
naphthalene as a model polycylic aromatic hydrocarbon (PAH) was studied in 
stirred batch reactors with varying impeller speeds. Mass transfer from 
naphthalene melts of different surface areas to the aqueous phase was measured 
and results were modeled according to the film theory. Results were generalized 
using dimensionless numbers (Reynolds, Schmidt and Sherwood). In combined 
mass transfer and biodegradation experiments, the effect of hydrodynamic 
conditions on the degradation rate of naphthalene by Pseudomonas 8909N was 
studied. Experimental results were mathematically described using mass-transfer 
and microbiological models. The experiments allowed determination of mass-
transfer and microbiological parameters separately in a single run. The biomass 
formation rate under mass-transfer limited conditions, which is related to the 
naphthalene biodegradation rate, was correlated to the dimensionless Reynolds 
number, indicating increased bioavailability at increased mixing in the reactor 
liquid. The methodology presented in which mass-transfer processes are quantified 
under sterile conditions followed by a biodegradation experiment can also be 
adapted to more complex and realistic systems, such as particulate, suspended 
PAH solids or soils with intrapartically sorbed contaminants when the appropriate 
mass-transfer equations are incorporated. 

* H Mulder, AM Breure, JG van Andel, JTC Grotenhuis, WH Rulkens (1998) 
Biotechnol. Bioeng. 57:145-154 



Chapter 2 

2.2 Introduction 

Bioremediation is a promising technique for the decontamination of soil polluted 
with hazardous organic compounds such as polycyclic aromatic hydrocarbons 
(PAHs) (Mihelcic et al., 1993; Wilson and Jones, 1993). The complete conversion of 
several of these pollutants into less harmful compounds has been shown in 
laboratory studies (Cerniglia, 1984; Davies and Evans, 1964; Evans et al., 1965). 
However, in full-scale practice bioremediation techniques demand extensive 
periods of treatment after which residual concentrations are often too high to meet 
environmental standards. Due to their hydrophobicity, the PAHs in soil are mainly 
associated with the solid phase or may even be present as particles. A limited 
release rate of PAHs from the solid to the aqueous phase has been proven to cause 
reduced bioavailability (Volkering et al., 1992). There are some reports on the direct 
uptake of hydrophobic substances from surfaces by microorganisms (Guerin and 
Boyd, 1992; Guerin and Jones, 1988; Hermannson and Marshall, 1985), but 
generally the desorption or dissolution of PAH to the aqueous phase is considered 
a prerequisite for biodegradation. The latter view is expressed in most studies and 
supports the idea that microorganisms can only convert these compounds in the 
dissolved state (Mihelcic and Luthy, 1991; Scow and Alexander, 1992; Wodzinski 
and Bertolini, 1972; Wodzinski and Coyle, 1974). Because mass transfer from 
sorption sites or crystalline surfaces to an aqueous phase with microorganisms is 
necessary for biodegradation, the physical state of the pollutant in the soil plays an 
important role (Mihelcic et al., 1993; Rulkens and Bruning, 1995; Wu and 
Gschwend, 1986). 

As in studies on the dissolution and biodegradation of hydrophobic compounds 
from nonaqueous phase liquids (NAPLs) (Birman and Alexander, 1996; 
Ramaswami et al., 1994), earlier experiments have shown that the dissolution rate 
from crystalline PAHs can limit the biodegradation rate (Volkering et al., 1992; 
Volkering et al., 1993). However, it was not measured in a way that the kinetics 
could be transferred quantitatively to full-scale bioreactor systems. In this study, 
mass-transfer resistances influencing the bioavailability of crystalline naphthalene 
were quantitatively investigated. Naphthalene melts in stainless steel supports 
with specified surface areas were used as a model for PAH particles in suspensions 
of heavily contaminated soil to study the effect of hydrodynamic conditions in the 
liquid phase on the diffusive transport across a stagnant liquid film at the solid-
liquid interface. The transfer limitations in the experimental setup could be 
characterized by dimensionless numbers. Based on such characterizations, 
experimental results obtained from studies in different reactor systems can be 
compared and correlated. By means of batch experiments, the influence of the 
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mass-transfer resistances on the biodegradation rate was determined and modeled 
using Monod microbial kinetics and mass balances for biomass and dissolved 
naphthalene. Because the biodegradation rate as influenced by mass-transfer 
limitations is expressed as a function of mass-transfer coefficients via 
dimensionless numbers, the effect of hydrodynamic conditions on the 
bioavailability of crystalline substrate could be determined. 

2.3 Materials and methods 

2.3.1 Bacterial cultures 

Isolation of a naphthalene degrading bacterial strain was described previously and 
the microorganisms were characterized as a Gram-negative Pseudomonas strain. 
8909N (Volkering et a l , 1992). 

2.3.2 Media and culture conditions 

A mineral medium was used for the biodegradation as well as the physicochemical 
experiments at a temperature of 30°C to ensure similar conditions. This medium 
contained one-tenth of the concentrations described by Evans et al. (1970), resulting 
in the following composition: 10 mM NH4C1, 1 mM NaH 2P0 4 ,1 mM KC1, 0.2 mM 
Na2S04, 0.125 mM MgCl2, 2 ^M CaCl2, 0.01 ^M Na2Mo04 and 0.5 mL of a trace 
metal solution per liter. No chelating agent was added. The trace metal solution 
contained 0.12 mM HC1, 5 mM ZnO, 20 mM FeCla, 10 mM MnCl2 ,1 mM CuCl^ 2 
mM CoCl2 and 0.8 mM H3 BO3. The medium was buffered at pH 7.0 with 50 mM 
sodium phosphate. Pure cultures were maintained in vials containing a mixture of 
mineral medium and 15% (v/v) glycerol and stored at -70°C. Microorganisms used 
for inoculation were grown in 200-mL serum flasks supplemented with 
naphthalene crystals in mineral medium at 30°C and stoppered with Teflon-lined 
septa. 

2.3.3 Naphthalene melts 

Conical-shaped notches with 0.5 cm depth and of 1.0 or 2.0 cm diameters at the 
outer surface were cut in stainless steel cylinders of 2.4 cm diameter and 1.0 cm 
height (Fig 1). Naphthalene crystals were amended in the notches and melted at a 
temperature of 150°C on a hot plate. Subsequently the melts were cooled at room 
temperature and smooth surfaces were obtained. The amount of naphthalene 
dissolved during the experiments was 2% maximum. The surface area of the melt 
was assumed constant throughout the experiments. 
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Figure 1 Schematic presentation of experimental equipment. (A) Cross-
section of stainless steel cylinders (</> =70°). (B) Batch reactor used for the 
dissolution and biodegradation experiments. Inlet and outlet were used to 
circulate the reactor contents over a spectrophotometer. The numbers 
indicate dimensions in millimeters. 

2.3.4 Dissolution and biodegradation experiments 

Dynamic experiments were performed in 500-mL cylindrical reactors (internal 
diameter 8.0 cm) with a disk-mounted flat-blade turbine impeller (diameter 2.4 cm, 
6 blades) at a distance of 3.0 cm from the bottom at a temperature of 30°C (Fig 1). 
Reactor solutions were pumped through quartz cuvets to measure absorption at 
275 nm and optical density at 540 run (OD540) at discrete time intervals (Perkin-
Elmer spectrophotometer Lambda 15) with demineralized water as the reference. 
The reactor, pump, and spectrophotometer were interconnected with stainless steel 
and Viton® tubing. Prior to the experiments the reactors were filled with 350 or 400 
mL of mineral medium, resulting in 243 and 193 mL headspace volumes, 
respectively, and then autoclaved (20 min at 120 °C). After sterilization, pure 
oxygen gas was led through the reactor liquid and headspace for 15 min at a flow 
rate of 2.5 L min-1. Tubing was sterilized by successively circulating solutions of 1 
M NaOH, 1 M HC1, and sterile mineral medium for 30 min each. This sterilization 
procedure was demonstrated to be effective because no growth occurred after 7 
days of incubation (at 30°C) without inoculation. At the start of each experiment, 
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